Vertically aligned multiwalled carbon nanotubes were synthesized by electron cyclotron resonance chemical vapor deposition on Ni-coated glass substrates at temperatures as low as 400°C. Negative self-biases were induced to the substrates by radio frequency plasma to give ion bombardment to the growing surface. An increase of self-bias voltages from Ϫ50 to Ϫ200 V resulted in an evolution of the microstructures from amorphous carbon to nanorods, subsequently to nanotubes. Nanotubes grown above Ϫ150 V were more straight in morphology and better in crystallinity than nanorods grown at Ϫ100 V. In the field emission ͑FE͒ measurements, the electric fields to obtain 1 A/cm 2 were 4.6 and 11.1 V/m for the nanorods and nanotubes grown at Ϫ100 and Ϫ200 V, respectively. The emission areas, calculated from the Fowler-Nordheim plots, were much larger in the nanorods than the nanotubes. It is considered that a larger amount of crystalline defects in nanorods plays a major role in improving their FE characteristics.
I. INTRODUCTION
Excellent field emission ͑FE͒ characteristics of carbon nanotubes ͑CNTs͒ have attracted considerable attention due to their promising applicability to electron emitters for displays 1 and various vacuum microelectronic devices. 2, 3 It is believed that their superior FE properties are attributed to large electric field enhancement given by the high aspect ratios at their tips. For the practical application to field emission displays, in particular, the growth of vertically aligned CNTs on a large area at low temperatures below the softening point of glass ϳ550°C, is one of the important requirements to be achieved. Chemical vapor deposition ͑CVD͒ using plasma among many methods of synthesizing CNTs is advantageous to meet this requirement even though CNTs with highly defective structures are usually produced at such low temperatures. 4 The FE properties of CNTs are governed by the work function, crystalline structure, geometry of their tips, etc. In addition, the surrounding gases and impurities on the surface have been known to strongly affect their FE characteristics. 5, 6 However, the effect of crystallinity of CNTs on the FE has not been much investigated till now even though a variety of defective structures exist in CNTs. It has been verified in the previous studies [7] [8] [9] that the structural defects on the surface of carbon-based materials could be a crucial factor to determine their FE characteristics. For diamond films deposited using CVD, the threshold electric fields required for a certain level of current density were significantly reduced when a substantial amount of structural defects was introduced. 7 Carbon particles, however, showed better FE properties with a higher degree of graphitization. 8 Meanwhile, it was reported that the FE properties of CNTs could be improved by plasma treatment which introduced a high density of defects on the surface, however the mechanism of enhancing the FE properties for the defective CNTs has not been systematically studied yet. 9 Electron cyclotron resonance chemical vapor deposition ͑ECR-CVD͒ is one of the promising routes to the low temperature synthesis of CNTs since its plasma zone is remote from the substrate, giving rise to the benefit of maintaining the low substrate temperatures. It is also relatively easy to generate a uniform deposition because the pressure involved in ECR-CVD is in the molecular flow regime, thus enabling downstream processing for the large area coating. Moreover, the ECR plasma remote from the substrate permits decoupled control of the energies of the ions striking the substrate by radio frequency ͑rf͒ biasing, which plays an important role in determining the film properties. [10] [11] [12] In this letter, vertically aligned multiwalled CNTs ͑MWNTs͒ are synthesized at temperatures as low as 400°C using ECR-CVD with rf biasing to the substrates. Our previous study 13 already showed that the morphologies of MWNTs varied with the negative self-bias voltages in rf biasing to the substrates, which resulted in the different degree of ordering of graphene layers in the CNT walls. Here, the a͒ Author to whom correspondence should be addressed; electronic mail: dyj@sorak.kaist.ac.kr FE properties of MWNTs grown with different self-bias voltages are reported, in which the threshold electric fields decrease at lower self-bias voltages. The emission areas ␣ and field enhancement factors ␤ of MWNTs grown at different self-biases are also analyzed. Based on these results, we propose that the enhanced FE properties of the MWNTs grown at lower self-bias voltages are ascribed to their higher density of structural defects.
II. EXPERIMENT
Vertically aligned MWNTs were synthesized on the Ni/Cr-coated glass substrates by ECR-CVD. A 1000-Å-thick Cr layer was coated on the Corning 1737 glass by magnetron dc sputtering to improve adhesion between the glass substrate and a Ni layer. Here, Ni served as a catalytic layer, which was 600 Å thick, deposited using electron beam evaporation ͑Balzers BAV1250͒. The 2.45 GHz microwave of 800 W in power was guided through a rectangular waveguide and introduced into an excitation chamber through a quartz window. Two magnets attached to the chamber generated a magnetic field of 875 G. The system was evacuated down to a base pressure below 10 Ϫ6 Torr by a turbomolecular pump, and CH 4 with 50 sccm or a mixture of CH 4 and Ar with 50 and 30 sccm, respectively, was fed into the chamber to maintain the pressure of 10 mTorr during the process. The substrate was heated to 400°C by infrared light lamps during deposition, monitored by a thermocouple. In particular, a rf power was supplied to the substrate holder to induce negative self-bias voltages to the substrate from Ϫ50 to Ϫ200 V ͑The variation of the self-bias voltages from Ϫ50 to Ϫ200 V will be described as an increase below.͒ The growth continued for 20 min. As-grown CNTs were examined by scanning electron microscopy ͑SEM, Philips, XL30SFG͒ and high-resolution transmission electron microscopy ͑HRTEM, Hitachi, H-9000NA͒. Optical emission spectroscopy ͑Photal, MPCD-1000͒ was used for in situ plasma diagnosis during the CNT synthesis.
The FE measurements were carried out in a vacuum chamber with a base pressure below 10 Ϫ6 Torr. The anode used in this experiment was the indium-tin-oxide coated glass on which 1000-Å-thick Au was deposited for better electrical conductivity. A 262-m-thick alumina plate whose central region was opened in the square of 0.75 cm ϫ0.75 cm to exactly define an emission area, was engaged as a spacer between the CNT cathode and the anode. Figure 1 shows SEM images of MWNTs grown using CH 4 alone at the self-bias voltage of Ϫ100 and Ϫ200 V, while keeping the other deposition parameters the same. MWNTs grown at the self-bias voltage of Ϫ100 V ͓Fig. 1͑a͔͒ are observed to be curved and bent in their shape, while they appear to be more straight at Ϫ200 V ͓Fig. 1͑b͔͒. HRTEM observations of the very samples of Fig. 1 are given in Fig. 2 . As presented in Fig. 2͑a͒ , the sample deposited at the selfbias of Ϫ100 V is proved to be carbon nanorods, not hollow tubes. Ni catalyst particles reside on top of the carbon nanorods, covered by tens of graphene layers. The HRTEM image of Fig. 2͑a͒ clearly shows that the graphene layers, constituting the carbon nanorod, are curved and slanted about the rod axis with their ends terminated at the rod surface, of which atomic structure is close to herringbone. The diameter of carbon nanorods is measured to be about 40 nm, having rather uniform distribution in size. As shown in Fig. 2͑b͒ , on the other hand, the MWNTs grown at the self-bias voltage of Ϫ200 V are found to have fewer defects in their structure. The graphene layers line up in most cases along the tube axis to form a hollow tube, of which the inner and outer diameters are about 7 and 40 nm, respectively.
III. RESULT AND DISCUSSION
In order to verify more clearly the effect of ion bombardment on the structure of MWNTs, Ar was admixed with CH 4 for the synthesis of MWNTs. Ar ions in the ECR plasma are expected to give an additional ion bombardment to the substrate because of their heavy atomic mass. As a result, vari-FIG. 1. SEM images of MWNTs synthesized using CH 4 at the self-bias voltages of ͑a͒ Ϫ100 V and ͑b͒ Ϫ200 V. The morphologies of MWNTs are more straightened at Ϫ200 V than Ϫ100 V. 4 at different rf bias voltages of ͑a͒ Ϫ100 V, defective carbon nanorod, and ͑b͒ Ϫ200 V, well-graphitized MWNT.
FIG. 2. HRTEM images of MWNTs synthesized using CH
ous forms of carbonaceous materials, not found when using CH 4 alone, are synthesized with the variation of self-bias voltages from Ϫ50 to Ϫ200 V, as given in Fig. 3 . A translucent carbonaceous material is produced in a wavy fence-like shape at Ϫ50 and Ϫ75 V ͓Figs. 3͑a͒ and 3͑b͔͒, while the MWNTs with vertical alignment grow at the self-bias voltages equal to or higher than Ϫ100 V. It is found, in particular, that the MWNTs grown at Ϫ100 V ͓Fig. 3͑c͔͒ are a little curved and bent, while they become straight in shape when the self-bias voltages increase to Ϫ150 V ͓Fig. 3͑d͔͒. The MWNTs grown at Ϫ200 V, shown in Fig. 3͑e͒ , conglomerate to form bundles. Such agglomeration does not occur below Ϫ200 V. The H ␣ peaks in optical emission spectra taken from the plasma during the deposition were kept to be almost the same intensity, irrespective of the self-bias voltages. It implies that rf biasing to the substrate does not affect the ECR plasma. It seems that such a morphological evolution of the deposited carbon materials with the self-bias voltages originates only from the effect of ion bombardment. HRTEM images of the very samples shown in Fig. 3 are presented in Fig. 4 . As shown in Fig. 4͑a͒ , the sample deposited at the self-bias voltage of Ϫ50 V is mainly composed of amorphous carbon, where the graphene layers are locally observed around the catalyst particles. In the sample deposited at Ϫ75 V ͓Fig. 4͑b͔͒, short nanorods, not observed at Ϫ50 V, are formed within the amorphous carbon film. Meanwhile, only carbon nanorods with about 35 nm in diameter are produced at Ϫ100 V without the formation of amorphous carbon, as presented in Fig. 4͑c͒ . The graphene sheets constitut- FIG. 3 . SEM images of carbon materials deposited using a mixture of CH 4 /Ar with different self-bias voltages of ͑a͒ Ϫ50 V, ͑b͒ Ϫ75 V, ͑c͒ Ϫ100 V, ͑d͒ Ϫ150 V, and ͑e͒ Ϫ200 V, and ͑f͒ is the magnified view of ͑e͒. Note that no MWNTs are grown at Ϫ50 and Ϫ75 V, but MWNTs are synthesized at the self-bias voltages equal to or higher than Ϫ100 V. Bundling of MWNTs occurs at Ϫ200 V .   FIG. 4 . HRTEM images of carbon materials synthesized using a mixture of CH 4 /Ar at different self-bias voltages of ͑a͒ Ϫ50 V, amorphous carbon with a Ni catalyst covered by graphene layers, ͑b͒ Ϫ75 V, amorphous carbon with short MWNTs, ͑c͒ Ϫ100 V, a carbon nanorod consisted of curved and slanted graphene layers along the rod axis, ͑d͒ Ϫ150 V, well-graphitized MWNT, and ͑e͒ Ϫ200 V, bamboo structured MWNT, and ͑f͒ MWNT conglomeration forming a bundle at Ϫ200 V.
ing the wall of a nanorod do not stand in a line along the rod axis. The microstructure of this sample is similar to that of the nanorods synthesized using CH 4 at Ϫ100 V ͓Fig. 2͑a͔͒. The MWNTs grown at Ϫ150 V ͓Fig. 4͑d͔͒ are observed to be straightened, as already seen in the SEM image of Fig. 1͑d͒ , and have few defects in their wall structure. The inner and outer diameters are measured to be about 2 and 45 nm, respectively. The tube interior is filled with Ni in some areas, as shown in Fig. 4͑d͒ . Interestingly, the bamboo structure is developed in the MWNTs grown at Ϫ200 V ͓Fig. 4͑e͔͒, which are composed of parallel graphene layers slanted from the tube axis. The inner and outer diameters are about 5 and 30 nm at Ϫ200 V, respectively. A bundle of conglomerated MWNTs is shown in Fig. 4͑f͒ . The crystallinity of MWNTs seems to get worse when the self-bias voltages increase from Ϫ150 to Ϫ200 V, which is opposite to the tendency of improvement of crystallinity with an increase of self-bias voltages from Ϫ50 to Ϫ150 V. The reason for such a degradation of crystallinity at Ϫ200 V is not well understood yet, but it seems that the excessive ion bombardment of Ar ions during the growth deteriorates the crystallinity of MWNTs and results in their bunching. For the synthesis using a mixture of CH 4 and Ar, the well-graphitized MWNTs are obtained at the self-bias voltage of Ϫ150 V. Such well-graphitized MWNTs appear at the self-bias voltage of Ϫ200 V for the growth with CH 4 alone. An additional Ar ion bombardment is thought to result in the synthesis of the well-graphitized MWNTs at lower self-bias voltages, but, if excessive, to be detrimental to the crystallinity of MWNTs.
The FE measurements of MWNTs grown at different selfbias voltages were performed in a diode configuration. Figure 5 shows the FE current density as a function of electric fields, measured from the samples grown at the self-bias voltages of Ϫ100 and Ϫ200 V, identical with the samples given in Fig. 1 . The threshold electric fields, here defined as electric fields required for the emission current density of 1 A/cm 2 , occur at 3.7 and 6.8 V/m at Ϫ100 and Ϫ200 V, respectively. The carbon nanorods ͓Fig. 1͑a͔͒ have a lower threshold electric field than the well-graphitized MWNTs ͓Fig. 1͑b͔͒. Such a tendency of electric fields with the selfbias voltages also appears in the samples deposited using a mixture of CH 4 and Ar. The FE curves shown in Fig. 6 are obtained from the very samples given in Fig. 3 . The threshold electric fields for the samples synthesized at different self-bias voltages are also summarized in Table I . The threshold electric fields correspond to 4.6, 5.8, and 11.1 V/m at the self-bias voltages of Ϫ100, Ϫ150, and Ϫ200 V, respectively, indicating an increase of the threshold electric fields with self-bias voltages. The high threshold electric field of 11.0 V/m at Ϫ75 V is likely caused by the FE from the amorphous carbon produced at this condition. The FE from the sample deposited at Ϫ50 V could not be measured because the adhesion of deposited amorphous carbon to the substrate was so poor that it was peeled off during the FE test. For the synthesis using a mixture of CH 4 and Ar, consequently, the defective nanorods grown at low self-bias voltage of Ϫ100 V exhibit the lowest threshold electric field. It is noted that the threshold electric field of 11.1 V/m at Ϫ200 V is quite large compared to those at Ϫ100 and Ϫ150 V although the crystallinity of MWNTs grown at Ϫ200 V seems to be rather worse than that at Ϫ150 V. The bunching of MWNTs at Ϫ200 V, as indicated in Figs. 3͑e͒ and 4͑f͒ , may cause a decrease of the emission site density where figure. 14 The emission areas ␣ and electric field enhancement factors ␤, extracted from the linear regions of the FN plots assuming the work function of MWNTs to be 5.0 eV for graphite, are represented in Table I . It is found for each series of samples in Figs. 5 and 6 that the emission areas of the MWNTs grown at different self-bias voltages decrease remarkably as the self-bias voltages increase, while the field enhancement factors are similar irrespective of the self-bias voltages. For the CH 4 synthesis, the emission areas of the carbon nanorods and well-graphitized MWNTs grown at Ϫ100 and Ϫ200 V are 1.293ϫ10 Ϫ6 and 4.402 ϫ10 Ϫ10 cm Ϫ2 , respectively. It is interesting that there is a considerable difference in the emission areas for the samples grown with different self-bias voltages although they do not show an extensive variation of the MWNT density in the SEM observations of Fig. 1 . Such a tendency of the remarkable decrease of emission areas at higher self-bias voltages also occurs in MWNTs grown using a mixture of CH 4 and Ar. Table I presents the emission areas of 4.175ϫ10 Ϫ4 , 2.877ϫ10 Ϫ6 , and 7.106ϫ10 Ϫ9 cm Ϫ2 at Ϫ100, Ϫ150, and Ϫ200 V, respectively. As mentioned earlier, the small emission area at Ϫ200 V appears to result from the bunching of MWNTs.
The HRTEM observations and the FE measurements suggest that the structural divergence of MWNTs with the selfbias voltages is an essential factor to make a difference in the emission areas. It seems that defective microstructures produced at low self-bias voltages cause the larger emission areas, resultantly the lower threshold electric fields, than the well-graphitized microstructures at high self-bias voltages, regardless of their structures of nanorods or nanotubes. A detailed mechanism of relating the defective structures with the emission areas is not yet fully understood, but one of the possibilities is that a large number of structural defects existing on the body surface of the nanorods or nanotubes as well as their tips serve as emission sites to increase total emission areas. Meanwhile, the geometries of CNTs, which are crucial to the FE properties, do not have to be considered here because the field enhancement factors indicated in Table  I vary little with the self-bias voltages. It has been well known that the bodies as well as the tips of CNTs can contribute to the FE. Chen, Shaw, and Guo 15 suggested that the smaller threshold electric fields of the MWNTs oriented parallel to the substrate resulted from the existence of numerous defects on the tube bodies. Zhou, Duan, and Cu 16 reported that the bodies of the SWNTs could behave as peculiar field emitters with high threshold voltages and high emission currents. In addition, it was reported that the hydrogen plasma treatment could improve the FE properties of CNTs, by introducing a high density of defects which were likely to make the CNT surface more active to emit electrons. 9 On the other hand, the study on carbon nanoparticles showed better FE properties with higher graphitization, which was caused by an increase of electrical conductivity. 8 However, the effect of electrical conductivity may be neglected in determining the FE properties of MWNTs since MWNTs are known to be metallic irrespective of an involvement of defects in their structure. Therefore, we suggest that the excellent FE properties of carbon nanorods grown at low self-bias voltages originate from numerous defects on their surface, providing effective emission sites. It is also possible that H atoms bonded to the ends of the graphene layers terminated on the body surface can lower the barrier for electron emission, and thus contribute to the enhancement of FE properties.
IV. CONCLUSION
Vertically aligned MWNTs were synthesized by ECR-CVD on Ni-coated glass substrates at temperatures as low as 400°C. It was observed that rf biasing to the substrates, leading to an ion bombardment to the growing surface, had a strong effect on the crystallinity of MWNTs. HRTEM analyses showed that the defective nanorods were produced at the self-bias voltage of Ϫ100 V, while the well-graphitized MWNTs occurred at the self-bias voltages higher than Ϫ150 V. The lower threshold electric fields and the higher emission current density were obtained from the MWNTs grown at lower self-bias voltages. In the analyses using the FN plots, the emission areas ␣ of MWNTs decreased noticeably with higher self-bias voltages, while the field enhancement factors were unchanged. It is likely that the larger emission areas and the resultant lower threshold electric fields at lower selfbias voltages originate from the numerous defects on the nanorods or nanotubes.
